Objectives/Hypothesis: Evidence indicates that decreased mucociliary clearance (MCC) is a major contributing feature to chronic rhinosinusitis. Tobacco-smoke exposure is thought to inhibit transepithelial Cl À secretion, a major determinant of airway surface liquid hydration and MCC. The objective of the current study was to evaluate the effects of acrolein exposure (a prominent tobacco smoke toxin) on vectorial Cl À transport through the major apical anion channel cystic fibrosis transmembrane conductance regulator (CFTR) in sinonasal epithelium.
INTRODUCTION
Sinonasal respiratory epithelium maintains a highly regulated mucociliary apparatus that clears inhaled pathogens from the nose and paranasal sinuses.
The airway surface liquid (ASL) is a crucial part of the mucociliary apparatus, and its composition is determined by the transepithelial vectorial transport of ions, such as chloride (Cl À ) and sodium (Na þ ). 1 One of the primary regulators of Cl À transport in sinonasal respiratory epithelium is the cystic fibrosis transmembrane conductance regulator (CFTR). Dysfunctional Cl À transport through acquired (e.g., toxic exposures, hypoxia) or genetic (i.e., cystic fibrosis) disease can lead to dehydration of the ASL, stasis of inspissated mucus, bacterial infection, and widespread chronic sinus disease. [2] [3] [4] Cigarette smokers exhibit a higher rate of recurrent sinusitis and chronic rhinosinusitis when compared to nonsmokers. 5 Chronic smoking is known to contribute to immunosuppressive changes (decreased lipopolysaccharide-induced inflammatory cytokines and suppression of human monocyte-derived macrophage function) impairing host defenses and increasing susceptibility to infection. 6 Cigarette smoke is a highly toxic substance that is composed of a complex mixture of over 5,000 chemicals, including several that have been identified as having high toxicity to respiratory cilia-specifically acrolein, formaldehyde, carbon monoxide, nicotine, cotinine, acetaldehyde, phenol, and potassium cyanide. 3, [6] [7] [8] [9] From Acrolein is one of the most abundant volatile, electrophilic compounds present in cigarette smoke and is known to elicit several different biochemical responses including transcription factor activation, oxidative injury, inflammation, alteration of immunologic function, ciliotoxicity, and cell death. 10 Sarkar and Hayes 11 demonstrated that one cigarette contains approximately 238 to 468 lg acrolein, and that acrolein induces an inflammatory response through the rapid reduction of glutathione, protein sulfhydruls, and thiol-containing enzymes.
The effects of cigarette smoke on sinonasal epithelium are thought in part to be secondary to impairment of ciliary function and dehydration of the ASL. [12] [13] [14] [15] In a prior study by our group, cigarette smoke condensate (CSC), which contains the particulate and water-insoluble components of tobacco combustion, was shown to substantially decrease transepithelial transport of Cl À and to strongly impair ciliary beat frequency. 3 Others have reported suppression with the water soluble extract of cigarette smoke, suggesting that a number of agents in tobacco could be responsible for reduction in mucociliary transport. 16 Although the inflammatory and immunologic effects of acrolein have been investigated previously, no reports to date have examined its impact on transepithelial Cl À secretion. The present study was designed to investigate the effects of acrolein on vectorial Cl À transport through CFTR, the major apical anion channel in sinonasal epithelium. Experiments were designed to test the hypothesis that acrolein reduces transepithelial CFTR-mediated Cl À secretion.
MATERIALS AND METHODS
Institutional review board and institutional animal care and use committee approval were obtained prior to the initiation of the study.
Tissue Culture
The culture technique for propagation of murine nasal septal epithelia (MNSE) at an air-liquid interface has been described previously. 2, [17] [18] [19] [20] [21] [22] Briefly, tissue was harvested and grown on Costar 6.5-mm-diameter permeable filter supports (Corning Life Sciences, Lowell, MA) submerged in culture medium. The media was removed from the surface of the monolayers on day 4 and the cells fed via the basal chamber. MNSE cultures were genetically identical and derived from the C57/BL6 strain and from transgenic CFTR À/À knockout mice. Differentiation and ciliogenesis occurred in all cultures within 10 days to 14 days. Ussing chamber analysis was performed only when cell monolayers were fully differentiated with widespread ciliogenesis and transepithelial resistances (R T ) > 500 X cm 2 . There were no significant differences between the R T and I SC of control and acrolein-exposed filters when the two groups were compared before the addition of acrolein or pharmacologic agents.
Electrophysiology
Solutions and chemicals. The bath solution contained (mM): 120 NaCl, 25 NaHCO 3 , 3.3 KH 2 PO 4 , 0.8 K 2 HPO 4 , 1.2 MgCl 2 , 1.2 CaCl 2 , and 10 glucose, with pH 7.3 to 7.4 when gassed in a mixture of 95% O 2 /5% CO 2 at 37 C. Chemicals were obtained from Sigma (St. Louis, MO). Each solution was made as 1,000Â stock and used at 1Â in the Ussing chamber. All experiments were performed with low Cl À (6 mM) in the mucosal bath. Pharmacologic preparations were as follows: amiloride (100 lM), forskolin (20 lM), acrolein (1 lM to 500 lm), CFTR INH -172 (10 lM), and amphotericin (50 lM). Amiloride blocks Na þ channels, ensuring that change in short-circuit current (DI SC ) from subsequent manipulations are secondary to effects on Cl À channel activity. Forskolin activates the CFTR via a cyclic adenosine monophosphate (cAMP)-mediated mechanism. CFTR INH -172 is a very specific inhibitor of CFTR and was used to develop comparisons of the relative activity of CFTR in different systems. Acrolein is a water soluble component of cigarette smoke, and as such was dissolved in water for all experiments.
Short circuit (I SC ) measurements. Costar transwell inserts (Corning Life Sciences) were mounted in Ussing chambers to investigate ion transport using pharmacologic blockade and stimulation of plasma membrane ion channels. Monolayers were continuously short-circuited after fluid resistance compensation using automatic VCC 600 voltage clamps (Physiologic Instruments, San Diego, CA). Transwell filters were mounted in bath solution warmed to 37 C, and the solution gas-lifted with a 95%O 2 /5% CO 2 mixture. The I SC was measured at one sample per second. A positive deflection in I SC is defined as the net movement of anion in the serosal to mucosal direction. All experiments were performed using five or more filters per condition.
Cellular cAMP assay. Activation of CFTR anion transport requires protein kinase A-dependent phosphorylation of the regulatory domain. An enzyme-linked immunosorbent assa -based detection kit (Cayman Chemicals, Ann Arbor, MI) was used to measure stimulation of cellular cAMP by acrolein in MNSE cultures, as previously described. 23 Assessment of cell viability. Membrane integrity of cells was quantified by detection of lactate dehydrogenase in the medium using an in vitro toxicology assay kit (Sigma, catalog no. TOX7). Media was collected after cells were treated apically for 15 minutes with either acrolein (100 lM, 300 lM, 500 lM) or phosphate-buffered saline (PBS) control. Absorbance was measured at a wavelength of 490 nm and subtracted from the background absorbance (690 nm) at analysis.
Insert summary. A total of 103 MNSE filters were used in the completion of these studies with n ! 4 per measured condition. MNSE filters were derived from genetically identical C57 mice or CFTR À/À transgenic mice as stated. Analyses were performed when cell monolayers were fully differentiated with widespread ciliogenesis and transepithelial resistances (R t ) > 500 X/cm 2 . There was no significant difference between the R t and I SC of control and acrolein-exposed filters when groups were compared before the addition of pharmacologic agents.
Statistical Analyses
Statistical analyses were performed using two-tailed paired t test, unpaired t test, and analysis of variance, where applicable.
RESULTS

Activation and Inhibition of CFTR-Mediated Cl 2 Transport is Concentration Dependent
In dose-dependent studies, acrolein stimulated Cl À secretion (DI SC -change in short-circuit current in lA/ cm 2 ) at a concentration expected in the setting of cigarette smoke inhalation in vivo (100 lM, 15.9 6 2.2 vs. 2.4 6 0.8; control; P < .0001), but suppressed total apical Cl À secretion (acrolein þ forskolin) at 300 lM (13.3 6 1.2 vs. 19.9 6 1.0; P < .01), and completely abolished all transport at 500 lM (À1.1 6 1.6) (Figs. 1 and 2) There were no significant differences in measurements of total stimulation (21.7 6 1.6 vs. 19.9 6 0.1; control) or CFTR inhibition with CFTR INH -172 (À14.8 6 0.5 vs. À16.3 6 0.9; control) with exposure to the 100 lM concentration (Fig. 3 ). Stimulated Cl À secretion was solely reliant on the presence of CFTR (confirmed in transgenic CFTR À/À MNSE) ( Fig. 4) .
Acrolein Does Not Modulate CFTR Through cAMP-Mediated Signal Transduction
Modulation of CFTR-related effects were independent of cAMP signaling (expressed as pmol/mL), as there were no significant cAMP elevations (100 lM, 1. Fig. 5 ). Importantly, preincubation with 300 or 500 lM acrolein did not inhibit cAMP stimulation by forskolin. In fact, administration of 100 nM forskolin after 300 lM acrolein resulted in a significant increase in cAMP over 100 nM forskolin alone (36.4 6 3.6 vs. 18.4 6 1.5, respectively).
CFTR-Mediated Effects Are Not Reflective of Acute Cytotoxicity
Cell membrane integrity was not compromised by acute exposures to acrolein at any concentrations tested as judged by lactate dehydrogenase release assay. The result is concordant with the lack of effect due to acrolein on tissue monolayer resistance in Ussing chamber (data not shown), which is often used as a proxy for cytotoxic drug effects. The negative impact of acrolein on CFTR-dependent I SC measured at higher concentrations is therefore not secondary to cytotoxicity. Fig. 1 . Impact of acrolein on transepithelial Cl À secretion is concentration dependent. Maximal DI SC was noted at 100 lM (P < .0001), but decreased with increasing concentrations of compound. Total stimulation supplemented with forskolin was significantly inhibited at 300 lM (P < .01) and completely abolished with exposure to 500 lM of acrolein. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Fig. 2 . Representative Ussing chamber tracings of wild-type murine nasal septal epithelia (MNSE) cultures treated with acrolein. Wildtype MNSE cells grown on transwell permeable supports were mounted in Ussing chambers under short-circuit conditions and sequentially exposed to amiloride, acrolein, forskolin, and cystic fibrosis transmembrane conductance regulator (CFTR) INH -172. A positive deflection indicates the net movement of an anion from the serosal to the mucosal direction. Note the paradoxical decrease in total DI SC at higher concentrations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Fig. 3 . Ussing chamber analysis of 100 lM acrolein exposure. Although maximal DI SC was noted at this concentration (P < .0001), measurements of total stimulated (acrolein þ forskolin) and cystic fibrosis transmembrane conductance regulator (CFTR)inhibited (CFTR INH -172) DI SC revealed no significant differences, suggesting near maximal stimulation of CFTR by acrolein alone.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Fig. 4 . Representative Ussing chamber tracings of transgenic cystic fibrosis transmembrane conductance regulator (CFTR) À/À murine nasal septal cultures treated with 100 lM acrolein. No significant increase in DI SC was measured signifying effects on apical Cl À transport are CFTR dependent.
DISCUSSION
The present studies explored effects of the cigarette smoke toxin acrolein on transepithelial Cl À secretion and underlying cellular cAMP in a well-established murine primary nasal cell culture model. Our prior investigations have shown that CSC inhibits major components of mucociliary transport, including transepithelial CFTR-mediated Cl À secretion, and ciliary beat in MNSE and human sinonasal epithelial (HSNE) cell cultures. 3 Additionally, we demonstrated previously that CSC inhibits calcium-activated chloride channel-mediated transepithelial Cl À secretion, and have confirmed this finding in transgenic CFTR À/À airway epithelial monolayers. 14 These earlier findings lend support to the hypothesis that cigarette smoke suppresses apical Cl À secretion in respiratory epithelium and leads to ASL dehydration and dysfunctional mucociliary clearance similar to cystic fibrosis airways. However, the specific components and the mechanism by which cigarette smoke suppresses Cl À secretion have not previously been determined.
At a dose (100 lM) that approximates the concentration found in the in vivo airways of tobacco smokers, 10, 24 acrolein significantly stimulated apical Cl À secretion. Although cigarette smoke contains hundreds of toxins, acrolein by itself appears to promote hypersecretion at acute physiologic concentrations. Thus, inhibition of CFTR-mediated Cl À transport by watersoluble extract of cigarette smoke as previously reported is not mediated by this constituent. However, paradoxical inhibition of Cl À transport was demonstrated at higher test doses. Expression of CFTR is necessary to promote Cl À secretion through the pathway influenced by acrolein, because Ussing chamber tracings from transgenic CFTR À/À MNSE lead to complete loss of this secretory mechanism. Although CFTR-mediated pathways are stimulated in part by cAMP-dependent signaling, acrolein did not promote activation of adenylyl cyclase at any concentration. In addition, the suppression of forskolin-mediated activation of CFTR seen at higher concentrations of acrolein was not attributable to inhibitory effects on cellular cAMP. Importantly, no cytotoxic effects were demonstrated at the concentrations and exposures tested in the current investigations, indicating inhibitory effects at high concentrations are not due to cytotoxicity. Although physiologic doses of acrolein led to an increase in CFTR-mediated Cl À transport, our data provide the first evidence of direct ion transport regulation by a cigarette smoke constituent. Paradoxical stimulation and inhibition have been demonstrated with other CFTR channel potentiating agents, such as flavonoids, in the absence of cAMP-mediated signaling and suggests that acrolein could interact with nucleotidebinding domains of CFTR in a similar fashion. 2, 14, 21 Further studies, including patch clamp recordings, will be necessary to determine whether acrolein binds directly to CFTR or uses an alternative signaling mechanism to exert its effects on transepithelial Cl À transport.
Exposure to acrolein results in complex consequences for respiratory epithelial cells, including direct damage due to formation of adducts with proteins (disrupting cell structure or function) or nucleic acids (eliciting mutagenic or carcinogenic effects), and when effects such as depletion of antioxidants (e.g., glutathione) render a cell prone to damage from free radicals. 25 Furthermore, expression of CFTR gene, protein, and function in response to cigarette smoke extract in vitro, 16, 26 and our previous studies in MNSE and HSNE, 3, 14 indicate deleterious consequences for mucociliary transport. Although the present findings establish that acute incubations with acrolein at physiologic concentrations suggest that hypersecretion would be more evident in the airways of individuals with acute exposure to this toxin, future investigations will examine prolonged exposures at physiologic concentrations and other tobacco smoke constituents for CFTR-related effects on mucociliary clearance.
CONCLUSION
The present study demonstrated that acrolein has complex but significant interactions with CFTR, the major apical Cl À conductance pathway in sinonasal epithelium. The findings describe a means by which the effects of CFTR modulation by cigarette smoke can be better understood in the future. 
